(1) We manipulated the brood size of house wrens (Troglodytes aedon Vieillot) to determine (i) which brood size, and hence clutch size, is the most productive, and (ii) if there is a cost of reproduction that increases as an individual's brood size increases.
INTRODUCTION
hypothesized that the amount of food that parents can find for their chicks is the principal selective agent on clutch size in nidicolous birds, and that as a result of stabilizing selection the commonest, or modal, clutch size is, on average, the most productive (i.e. that which produces the maximum number of future breeders). In Lack's view, the modal clutch size is an adaptation to the average productivity of the environment (H6gstedt 1980 ). Hogstedt (1980) extended Lack's hypothesis by suggesting that each individual's clutch size is adjusted to produce the maximum number of chicks (i.e. decreased, normal and enlarged).
METHODS

Species and study site
The migratory house wren is a small, monomorphic, secondary cavity-nesting passerine that inhabits forest and forest-edge. House wrens readily use nestboxes and are tolerant of human activity at the nest. After laying begins, one egg is laid each day until the clutch of five to eight eggs is completed (Kendeigh 1941 ; this study). Kendeigh (1941) and Bent (1964) Each identically constructed nestbox had a removable top, which permitted access to the nest, and a sliding metal door, which we used to catch adults. Nestboxes were mounted on 1-5 m greased electrical line conduit to reduce predation and placed 30 m apart on north-south lines that were 60 m apart. The initial density of c. 5-4 nestboxes per ha established on 60-5 ha in 1980 was maintained throughout the term of the study. Nestboxes were added to adjacent forest in 1981 and 1982 until 585 nestboxes were in place on the 108-ha study tract.
Procedures and definitions
Each nestbox was checked twice each week throughout the breeding season, which allowed us to estimate the date on which the first egg was laid (egg-1 date) and to determine the number of eggs laid (clutch size). As the estimated hatching date approached, nests were checked daily to ascertain when the first egg of the clutch hatched (brood-day 0). After hatching, nests were visited daily to weigh the chicks. Chicks were not usually weighed after brood-day 14 to avoid premature nest-departure. After broodday 14, nestboxes were checked daily until the chicks had left the nest, typically by broodday 16 or 17.
There were two distinct peaks of nesting each year. Nests from the first peak are designated as 'early-season nests' (nests with egg-1 dates before the median egg-1 date of the year) and those from the second peak as 'late-season nests' (egg-1 dates on or after the median). Successful nests are those that produced at least one fledgling.
Pooling of data and brood manipulations
There are no significant differences in the distributions of clutch sizes among years (x2= 10-2, d.f. =8, P> 0-05), so data from the 3 years were pooled. In contrast, when sample size was sufficient, early and late-season broods were analysed separately because the significant seasonal differences in clutch size (early mode = 7, late mode = 6; Z2 = 244-6, d.f. =4, P< 0-0001) are likely to be responses to changing conditions. There were 589 nests in which at least one egg hatched. Because of small samples for the largest and smallest brood sizes, broods with four or fewer chicks were pooled, as were broods with eight or more; for convenience, broods of these sizes are referred to as broods of four and eight, respectively.
Clutch size in house wrens
After the eggs had hatched, generally by brood-day 3, 560 broods were assigned to one of four treatments: (i) control I broods, in which no manipulation was conducted; (ii) control II broods, in which chicks were exchanged with another brood but the number of chicks was the same as the clutch size; (iii) decreased broods, in which either one or more eggs did not hatch or chicks were removed; and (iv) enlarged broods, to which one or more chicks were added to produce a brood size that was one greater than the clutch size. Foster chicks were intermediate in weight relative to the weights of chicks in the brood to which they were added.
To investigate the possible effect of exchanging chicks, the survival and final weight of foster and non-foster chicks were compared from all 1981 manipulated broods. There is no significant difference in survival to nest-leaving for foster (81%, 30/37) and non-foster (78%, 167/214) chicks (X2 = 017, d.f. = 1, P > 0.05). There is also no significant difference (t = 026, d.f.= 66, P>0.05) in the mean final weights of foster chicks, 9-59 g + 152 (standard deviation), and non-foster chicks, 9-65 g?+ 133. As there was no apparent detrimental effect from being a foster chick, data from control I and control II broods were pooled and referred to as 'normal' broods in subsequent analyses.
Decreased broods were either (i) those in which eggs failed to hatch or chicks died shortly after hatching and were removed by the parents or (ii) those from which we removed chicks. As the two types of decreases were created in different ways, we performed a two-way analysis of variance on final weight of chicks and another on number of fledglings, each with type of decrease and brood size as main effects. Type of decrease did not significantly affect either final weight or number of fledglings in early or late-season broods. There was, however, a significant interaction between type of decrease and brood size in the number of fledglings produced in early-season broods, but comparisons of number of fledglings within each brood size showed that only in brood size 6 was there a significant difference (P < 0.05) between types of decreases. Because type of decrease did not, in most cases, significantly affect the number of fledglings or final weight, data from both types of decreased broods were pooled in subsequent analyses.
Brood size of each nest was categorized in two ways: (i) brood size of the nest relative to the modal brood size of the population (below-modal, modal or above-modal), and (ii) the brood size of the nest relative to the clutch size the female laid (decreased, normal or enlarged). There were 309 below-modal, 152 modal and 98 above-modal broods, and 240 decreased, 216 normal and 102 enlarged broods. In some analyses sample sizes are smaller because of missing values for some variables.
Chick and female weights
Chicks and adults were weighed on a portable Ohaus balance, which was accurate to 0-01 g. Recorded weights were rounded to the nearest 0-1 g.
Upon hatching each chick was individually marked with coloured felt-tip pens. After brood-day 7, all chicks were given a numbered United States Fish and Wildlife Service aluminium ring; most were also given a unique combination of one to three coloured celluloid rings (maximum two rings per leg).
We attempted to catch and weigh females at least once during the incubation stage and twice during the nestling stage of each of their nests. When first caught each female was given a unique combination of coloured celluloid rings and an aluminium ring (maximum two rings per leg). Males were also caught, ringed and weighed; however, their weights were not analysed because fewer males than females were caught and males were less consistent than females in their contribution to the feeding of chicks (Morton 1984 ).
Statistical analysis
Statistical Analysis System (SAS) packaged programs (SAS Institute 1982) were used for all analyses. The SAS procedure GLM (General Linear Models) was used for the calculation of least-squares means and for parametric analysis of variance and analysis of covariance for unbalanced designs. The NESTED procedure was used for hierarchical (nested) analysis of variance and the NPAR1WAY procedure for non-parametric analysis of variance (Kruskal-Wallis test, Chi-square approximation). Regression analysis was performed using the REG procedure. The TTEST and FREQ procedures were used for t-tests and Chi-square tests, respectively. All significance levels are based on two-tailed tests. When all early nests or only successful early nests are considered by brood size (Table  3) , there are no significant differences in the number of fledglings produced among decreased, normal, and enlarged treatments. Similarly, when late-season nests are considered by brood size, there are no significant differences in the number of fledglings produced among treatments for all nests or for successful nests only (Table 4) .
RESULTS
Nest
Based on the preceding analyses, data within brood sizes were pooled and the number of fledglings produced by each brood size were compared using non-parametric analysis of variance. The number of fledglings increased as brood size increased for all comparisons ( Half of the variance in final weight of chicks is attributable to variation within broods (see below); therefore, hierarchical analysis of variance was used to investigate the effect of treatment on chick weight.
Final weights of chicks in early-season below-modal, modal, and above-modal broods differ significantly (Tables 5, 6 ). Yet the percentage of the variance in weight associated with treatment is only 3 1%, whereas that among broods is 44 1% and that within broods is 52-9%. Late in the season, final weights are not significantly different among treatments, and the percentage of variance in weight that is associated with treatment is 0%, among broods 50-1% and within broods 49-9% (Tables 5, 6) . Tables 7 and 8 
Interbrood interval
The interbrood interval may be related to how late in the season the first successful attempt was completed. Therefore, the termination date of the first brood was included as a covariate in the analysis of the effect on the interbrood interval of treatment (decreased, normal, and enlarged) and of brood size of the first nesting attempt. Termination date of the first brood had a significant effect on the interbrood interval (F= 3 6, d.f. = 1,175, P = 0-059), as did treatment (F= 1-4, d.f. = 2,175, P < 0-05). The effect of brood size of the first nesting attempt on interbrood interval is not significant (F=0-1, d Table 9 . The analysis of covariance-derived least square means + standard error of the interbrood intervals of females raising decreased first broods is 11 6 days +0-78, normal broods 14.9 + 086, and enlarged broods 13-9 + 152. Only the interval between decreased and normal broods is significantly different (P< 0-01).
Size of second clutch
The clutch size that a female lays in a second nesting attempt after a successful nest may be related to the size of the clutch that she produced in her first attempt. Therefore, the clutch size of the first attempt was included as a covariate in the analysis of the effect of decreased, normal and enlarged treatment and of brood size of the first attempt on the size of a female's second clutch. Although females that raised normal and enlarged first broods tended to produce smaller second clutches than females that raised decreased broods, the difference is not significant (F= 1 6, d.f. = 2,175, P > 0-05). The effect of brood size of the first attempt on size of the second clutch is also not significant (F= 07, d.f. = 4,175, P > 005) ( Table 9 ).
Female weight
Female weight declined throughout the nesting cycle (Fig. 2) . The effect of treatment and brood size on female weight after hatching was analysed using an analysis of covarianpe, with clutch size and brood day as covariates. Females were usually weighed several times during each nesting attempt, but we selected only their last recorded weight for this analysis.
Early in the season the least square mean weight + standard error of females tending decreased broods was 11 11 _+ 0-10 g, normal broods 11 09 + 0-10 g, and enlarged broods 10-71 + 0. To demonstrate that above-modal or enlarged broods are actually more productive than other broods, it is necessary to show that they not only produce more fledglings, but also that these fledglings are as likely to survive to reproduce as are those from other broods. Survival from nest-leaving to the first breeding season is, however, difficult to determine, which has led to the use of measures of chick 'quality' that may be correlated with, and influence, chick survival. One such measure, and that which we have used, is weight at nest-leaving (see below).
Mean final weight of chicks from early-season above-modal broods is 0.20 g less than that of chicks from modal broods, and 0-39 g less that that from below-modal broods. Late in the season, the difference among the three treatments is only 0-1 g. Chicks from enlarged broods do not weigh less than chicks from unmanipulated broods of the same size. Indeed, there is a tendency for chicks in enlarged broods to be heavier than those in broods that were not enlarged. For example, chicks in early-season enlarged broods of eight were 4% heavier than those in normal broods of eight.
Results from many other studies differ from ours, ranging from no relationship between brood size and weight of chicks in house sparrows (Murphy 1978 That weight differences at nest-leaving are indeed a measure of chick quality and influence survival has been established for only a few species. Perrins (1965), Moss (1972) , and Garnett (1981) reported a negative relationship between survival and nestling weight in the great tit (Parus major), and Nur (1981 Nur ( , 1984b showed that the recapture rate of nestling blue tits that weighed less than 9 g was less than half that of nestlings weighing more than 9 g. Differences in weight among nestlings have been suggested to be caused by variation in fat reserves, which could lead to differences in ability to withstand stressful conditions after nest-leaving (e.g. Perrins 1965; O'Connor 1976). There is also evidence for great tits that larger (as measured by wing or tarsus length) and heavier juveniles are dominant over smaller, lighter ones (Garnett 1981). Garnett (1981) has suggested that dominant juveniles may have a greater chance of surviving than subordinates, which may account for the correlation between juvenile survival and body size. However, in the case of house wrens, there is little difference in weight between chicks raised in enlarged and unmanipulated broods, which makes it unlikely that there are weight-related differences in survival among treatments. Williams (1966) and Charnov & Krebs (1974) proposed that effects of reproductive effort on adult survival may play an important role in determining optimal clutch size. The most direct test of this is to compare the survival rates of individuals that raise enlarged broods with those that raise unmanipulated broods. We have not been able to do this with house wrens (see below), but lower survival has been reported for male pied flycatchers (Askenmo 1979) (but cf. Hogstedt 1981) and female blue tits (Nur 1984a ) that raised enlarged broods.
Cost of reproduction
Difficulties arise in measuring survival rates of adult house wrens because they are migratory, return rates are low, and females are less likely than males to return to breed in subsequent years (Kendeigh 1941; Drilling 1984) . Lacking direct evidence on survival, we considered other potential manifestations of a cost of reproduction within the breeding season; the results, however, were disappointing. Female house wrens that raised enlarged early-season broods were not less likely than other females to attempt a second brood, and they did not lay smaller second clutches. Treatment did influence interbrood interval, but the only significant difference was between decreased and normal broods. Furthermore, there is no evidence that female weight was related to brood size or to experimental manipulation of their brood.
In contrast to our results, strong evidence for intraseasonal costs has been reported for other nidicolous species. Interbrood interval in song sparrows (Melospiza melodia) is positively correlated with reproductive effort (as measured by the brood size of the preceding attempt) in females raising unmanipulated broods (Smith & Roff 1980) . However, Smith (1981) also investigated the effect of breeding effort on the subsequent survival of female song sparrows. Females surviving to the next breeding season had produced about the same number of offspring from unmanipulated broods as those not surviving, which led him to conclude that there is no evidence that female song sparrows forego high fecundity to increase survival. McGillivary (1983) also found that high productivity in house sparrows delayed subsequent nesting attempts, but that the productivity of early broods was unrelated to the clutch size of subsequent attempts.
Another potential source of evidence for a cost associated with reproductive effort comes from consideration of female weight loss during the nesting cycle. We have no evidence from the house wren for an effect on female weight of brood size or of deceased, normal, and enlarged treatment. However, females given enlarged broods were significantly lighter than control females in snow buntings (Hussell 1972 ) and house martins (Bryant 1979 ). However, use of weight changes as an indication of a cost of reproduction must be considered carefully. Ricklefs (1974) cautions against using female weight loss as an index of survival rate because females may lose weight through the regression of reproductive tissues. Freed (1981) and Norberg (1981) propose that adult weight loss during nestling care is an adaptive trait that permits more efficient flight. Weight loss during periods of high activity may also result from conditioning (Ricklefs & Hussell 1984) .
CONCLUSION
Neither Lack's prediction of a single optimum brood size set to the maximum number of chicks for which the parents can find food nor Hogstedt's prediction that clutch size is adjusted to the maximum number of chicks that can be raised on a territory is supported by the results of our study of the house wren. Wrens with enlarged broods produced as many flegdlings as those with unmanipulated broods of the same size. Chicks raised in enlarged broods also attained similar weights to those raised in unmanipulated broods of the same size. Wrens were capable of raising more fledglings than they attempted to raise.
We found no evidence that raising more chicks than that originally attempted adversely affected female condition or subsequent breeding attempts in the same season. Although parents could raise experimentally enlarged broods, they did not seem to incur obvious costs by doing so.
The reasons for this are unclear. It is unlikely that conditions were unusually favourable for breeding during the 3 years of the study, as temperature and rainfall differed greatly among years. Perhaps sample sizes were inadequate to detect small but biologically important effects, a worrisome point emphasized by DeSteven (1980). We have focused on the effects that feeding additional nestlings may have on female condition and reproductive success during a particular breeding season. We have not investigated the parents' ability to feed extra fledglings, and we do not yet know if effects on the parents of raising additional chicks expresses itself in subsequent breeding seasons. We have also not tested other plausible hypotheses that have been proposed. For example, our results are consistent with additional hypotheses that clutch size is limited by the ability of females to produce eggs (e.g. Winkler 1985) or by predation pressure (e.g. Klomp 1970 ). These, as well as other, hypotheses should be tested once it has been established that parents can raise additional chicks to the nest-leaving stage without causing harm to themselves.
